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FOREWORD
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ABSTRACT

A wind tunnel test of a 16.8 foot model of a rotor having
passively-controlled pivotable tips is described. Performance
and vibratory hub loads data are presented, which compare the
performance of the rotor with the tips free and fixed. A brief
analysis of the experimental findings is included.
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SUMMARY

A wind tunnel test of a 16.8 foot diameter model of a free tip
rotor is described. The test was conducted at full-scale tip
speeds up to an advance ratio of 0.4. Measurements were made
of the rotor vibratory hub loads and performance, both with the
tips free to operate and with them locked. It was found that
the 4/rev vibratory resultant in-plane loads were reduced when
the tips were free, but that power required and the vertical
4/rev loads were greater than with the tips locked. Aralysis
of the data showed that the reduced performance was attributable
to the free tip operating at angles of attack well beyond the
anticipated value. This resulted in excessive tip drag and in-
creased power.

Detailed performance data and cross plots of this data are pre-
sented in appendices.
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1.0 INTRODUCTION

1.1 Basic Concept

The constant-1lift tip rotor concept uses a blade tip segment that
is passively controlled in pitch in such a wav that each tip oper-
ates at essentially constant lift as the blade moves around the
azimuth. The principle of operation is illustrated by Figure 1.1
which sanows a rotor blade whose tip is free to rotate about a
pivot.

In order for the tip to operate at essentially constant 1lift, it

is pivoted ahead of its own aeroaynamic center, with the blade
balanced so that the c.g. lies on the pivot. If a nose-up control-
ling moment is now supplied to the tip via the pivot, the tip
develops positive lift and a nose-down pitching momen+ that grows
until the pivot-supplied moment is cancelled. By designing the
pivot mechanism to supply a moment that is constant (independent

of azimuth and tip deflection), then the tip is forced to fly at
constant lift.

The freedom to rotate ensures that the inboard blade will be
isolated from the tip torsional loads. If the tip were so de-
signed that it would operate at a prescribed lift level independ-
ent of azimuth, then the tip-induced vertical and torsional vibra-
tory loads would be eliminated. This could contribute signifi-
cantly to the alleviation of helicopter vibration.

A further benefit of the constant lift feature is a potential im-
provement in rotor lift-to-effective drag ratio, L/Dg. On a con-
ventional rotor the tip is negatively loaded on the advancing
side while maintaining high positive lift on the retreating side.
With the constant-lift (free tip) concept, the advancing side is
positively loaded, which should improve L,/Dg.

1.2 Analytical Studies

A theoretical evaluation of the constant-lift tip rotor is re-~
ported in Reference 1. The analysis used was V-7, a modified
version of Boeing Vertol Program C-60. The math model incorpor-
ated the following features:

1. Blade element theory using airfoil 1ift, drag, and pitch-
ing moment tables that include stall and compressibility.

2. Unsteady aerodynamics effects.
3. Nonuniitorm downwash based on a prescribed wake.

4. Motion of the free tip obtained by solving tip
eguation of motion.

FORM 46284 (2 606}

SHEET 1.1

-m»qv.-m. PO



D210-11878-1

ORIGINAL PAGE 1S

M
CONTROL

FIGURE
1.1. SCHEMATIC OF FREE-TIP CONCEPT

“hr + 1 1



NUMBER D210-11878-1
THE '”El”n COMPANY REV LTR

S. Fully-coupled flap/pitch motion of the blade with
elastic flap and chord deflections and elastic torsion.

Th.s program was applied to predict the performance of a hypo-
thecvical free-tip rotor having the following features:

Radius = 25.5 feet

Chord = 1.563 feet

Tip Span = 18.36 inches (6% radius)
Pivot Location = 13% chord

C.G. Location = 13% chord

Tip Speed = 704 ft/sec

Twist = =89 linear

(Root-to-Tip)
No. of Blades

4

The performance was calculated with the tip fixed and free producing
the same rotor lift and prorulsive force, Cqp/o = .073, X = .108.
The results showed that the free tip required considerably less
power than the conventional rotor. At 160 knots the savings was
11% and at 130 knots the percent gain was 24%.

1.3 Rotor Design

On the basis of this projected increase in aerodynamic perform-
ance, a feasibility study was made of a constant 1lift tip rotor
system. The study was done in sufficient detail to identify the
structural concept, method of attachment,and m~terials. The
study was then extended to include the design, ‘abrication and
test of a wind tunnel model of the free tip rotor having a 5%
radius free tip. The design effort is reported in Reference (2).
The wind tunnel test is described in this report.

jo.
FORM 46284 10 66)
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2.0 MODEL DESCRIPTION

2.1 Free Tip

An existing four-bladed, l16-foot diameter, Mach-scaled model of
the CH-47C rotor was selected for modification to the free tip
design. This rotor had been previously modified to test a 4.8
inch (5% radius) tapered tip extension. The tapered tip exten-
sion was removed and a steel pitch shaft installed at 13% chord
to carry the free tip (see Figure 2.1). The steel shaft had a
helical groove cut into it. This groove accepted a cam follower
pin which was inserted through the leading edge of the free tip.
The pin was held in place by a retaining screw. This arrangement
allowed the tip to pivot freely within the limits of the groove
and still remain captured by the shaft. To minimize friction,
the cam follower pin and groove were lubricated by a dry lubricant.
Dry-lube bushings guided the pitching motion of the tip section.
Provision was made to lock out the tip motion by removing the cam
follower pins and replacing them with locking pins.

2.2 Tip Construction

The free tip had a V23010-158 airfoil with a 5.8 percent chord
tab added to match the basic blade airfoil. The tip was con-
structed of Nomex core and magnesium spar covered with fiberglass.
The upper surface had a 0.0005-inch thick Mylar cover to prevent
air transfer from the lower to the upper surface. The spar was
provided with one permanently-mounted 1/4-inch diameter tantalum
balance weight in the nose and four 3/16-inch diameter holes sym-
metrically arranged about the pivot line. By inserting tantalum
rods in these holes, the tip mass, inertia, and chordwise center-
of-gravity could be varied. Table A-1 of Appendix A lists the
values of these quantities.

2.3 Tip Instrumentation

The tip pitch shaft on one blade only was provided with flap and
chord bending gauges as safety-of-flight instrumentation. The
angle of the tip relative to the main blade was measured by a
Hall-effect device. This device uses a remote magnetic field to
modulate an electric current through a semi~conductor. The source
magnet was placed in the moving tip and the sensor bonded to the
main blade. The advantage of this method of measuring the tip
angle is that there is no signal noise, or wiper pressure friction
and wear associated with potentiometer arrangements. One slight
disadvantage is the nonlinear (sinusoidal) output of the Hall de-
vice, which requires a nonlinear calibration algorithm in the

data reduction process.

2.4 Main blade and Test Stand

The main blade was a l6-foot diameter model CH-47C rotor blade

FORM 46284 (2/68)
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having a 6.73-inch chord, a constant V23010-1.58 airfoil, and -9
dagrees of linear twist from center of rotation to the tip

(r = 8'). The test stand was the Dynamic Rotor Test Stand (DRTS)
which incorporates an electrical power supply and a 6é-component
balance. Figure 2.2 presents a photograph of the complete rotor
with free tip and Figure 2.3 presents a close-up of one of the
tips. The principal properties of the blade are summarized below.

Radius 8.4 ft.
No. of blades 4.0
Chord 6.73 inches (constant)
Solidity 0.085
Twist (center of

rotation to tip) -9.45 degrees
Airfoils Vv23010-1.58 (constant)
Cutout 0.1825R
Flap Hinge 0.031R
Weight Moment about

Flap Hinge 34.5 ft. 1b

Inertia about Flap Hinge 4.55 slugs ft?

Instrumentation for the main blade consisted of 6 flap bending
gauges, 2 chord bending gauges and 1 torsion gauge placed as in-
dicated in Table 2.1. Blade motion about the horizontal and
vertical pins was continuously measured by transducers placed at
the flap and lag hinges of the instrumented blade.

FORM 46284 (2/86)
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TABLE 2.1

LOCATION OF BLADE STRAIN GAUGES

GAUGE BLADE STATION, % RADIUS

Flap Bending 12.6
18.1
38.4
46.2
53.3
96.6

Chord Bending 18.1
53.3

Torsion 12.6

FORM 4684 (0 66

SHEET 2.6
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3.0 DATA ACQUISITION

The wind tunnel test of a rotor requires the measurement of net
rotor forces and moments, rotor control positions and blade loads
almost simultaneously. To achieve this, the data is sensed;
multiplexed, processed, then stored on magnetic tape and/or
printed. Computed results in standard engineering units and co-
efficient format are tabulated by a line printer and selected
variables are plotted by the X-Y plotters. Final data is stored
on magnetic tape for additional processing.

A control panel digital display of nine channels of processed
data is available for setting up model test conditions and mon-
itoring purposes during the testing. Dynamic data of six quan-
tities is continuously displayed on oscilloscopes to provide
assistance in preventing model balance or rotor structural limits
from being exceeded.

A data reduction program transforms the electrical signals and
calculates the various tunnel parameters to be printed on-line.
In addition to these items, the maximum and minimum values, mean
value and alternating components of each selected blade load
measurement are calculated and tabulated on-line.

Root flap bending, chord bending and torsion loads, as well as
root flap and lag angle, are harmonically analyzed up to the
first nine harmonics and the results are listed along with the
other data. Following the test, waveforms are reconstituted from
the dynamic data on the magnetic tapes.

At each test point, measurements are taken for computing and

tabulating on-line the quantities listed. The listed balance
forces and moments follow the sign convention illustrated in

Figure 3.1.

(a) Tunnel and Model Parameters

Air density, o slugs/ft3
Freestream dynamic pressure, g 1b/ft2
Tunnel velocity (corrected), V ft/sec
Tunnel static temperature, Tg °F
Rotor advance ratio, u' = §!§ -
Rotor collective angle, 8 4¢ deg
Rotor lateral cyclic angle, A;. deg
Fomw 16784 & 66
SHEET 3.1
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(a) Tunnel and Model Parameters (continued)
Rotor longitudinal cyclic angle, Bj, deg
Rotor rotational speed, @ RPM
Rotor shaft angle, ag deg
Blade flapping angle, B8 deg
Blade lag angle, ¢ deg

(b) Total Loads Balance and Instrumented Shaft
Axial force (thrust), T 1b
Normal force, NF 1b
Side force, SF 1b
Pitching moment, PM ft-1b
Yawing moment, YM ft-1b
Shaft torque, Q ft-1b

torces and moments from the balances are printed on-line in en-
gineering units as forces and moments with the wind-off zeros

removed, with balance interaction corrections applied, and with
the weight tares removed.

Corrected rotor balance forces and moments are reoriented into
standard aircraft axes system and transferred on-line to the hub
center so that moments could be evaluated in the plane of the
rotor. The resolved shaft-axis system hub forces and mcments are
noted in the following list along with their sign converntion.

Rotor Hub Forces/Moments (Shaft Axes)

Thrust, T (positive up)

H force (positive aft)

Side force (positive to the right)

Hub pitching moment (positive nose up)

Hub rolling moment (positive advancing

tip down)

Yawing moment (Qe, friction torque)

1b
1b
1b
ft-1b

ft-1b

ft-1b

FORM 46284 0 66"

SHEET 3.3



NUMBER D210-11878~1
e SVEVEING -cran REV LTR

Since the hub-generated forces and moments are included in the
measured 'rotor' characteristics, it is necessary to establish
hub tares and subtract them from the main rotor balance measure-
ments. The hub tares are obtained from blade-off runs conducted
, at the normal operating speed. The rotor data is reduced on-line
; in coefficient form in the shaft axes system. Hub pitching
! moment, hub rolling moment and side force are retained in their
more meaningful dimensional form.

. . . T

Main rotor thrust coefficient, Cp/o = -TEETIXE
(where o is the rotor solidity) °

_ 0
o (QR) ZARO

Potor data is also reduced on-line in the following engineering
units and non-dimensional forms in the wind axes system. Hub
side force components are included when the model is yawed.

be = BB (00} -x

Main rotor power coefficient, Cp/o

Lift to equivalent drag ratio, L/Dg

. . L
Rotor 1lift coefficient, C' =
r C'1/0 = TGR) TAe

Propulsive force coefficient, aa%; or X

Figure 3.2 presents a sample printout.
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4.0 TEST PROCEDURE AND CONDITIONS

4.1 Test Cell Checkout

4.1.1 Check on Tip Freedom of Movement

Before installing the rotor in the wind tunnel, the model was
first checked for satisfactory operation and for freedom of move-
ment of the tip. The check runs were made in the model test cell
at gradually increasing tip speeds up to the normal operating
speed of 700 ft/sec. At each speed a jet of compressed air was
used to exci.e motion in the free tip and the response was ob-
served. At low tip speed, the tip showed a highly damped response
such as that presented in Figure 4.0a. At the operating tip speed
no notic=able response was obtained; this is attributed to in-
sufficient impulse being imparted by the air jets at the nigh tip
speeds.

4 1.2 Determination of Controller Friction

Before actual wind tunnel testing was begun, a check was made of
the friction forces acting on the pivot mechanism with simulated
centripetal and 1lift loads applied to the tip. Various spanwise
loads (to simulate Cp) were applied at the tip, co-linear with the
main spar. The intcrnal friction of the tip pivot mechanism was
measur~d as a function of the resultant torque on the tip. The
torque was measured using a simple cantilever beam attached to the
tip, ard a load cell attached between the end of the beam and
ground.

Three separate types of loading were applied to the tip. A pure
spanwise 1oad applied in incremental units to simulate Cp load, a
combined load by applying a load in the spanw1se direction at an
angle to the main spar axis. A pure spanw1se load was applied
along with a load orthegonal to the main spar axis (to simulate a
pure lift load). This final loading was performed to find the
component of lift affecting the measurement of torque through the
load-link. The test set-up .s shown in Figure 4.0b.

Although there was some hyzieresis present in the measurement,
the test showed that the frict.on level was acceptable and slightly
lowe~ than the expected value.

The rotor and test stand was then removed from the test ceil and
installed in the Wind Tunnel. Each rotor tip configuration was
tested using the following procedure.

4,2 Track and Balance

The rotor was run up to operating rpm and the blades tracked and
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balanced. Balance was declared acceptable if the resultant in-
plane force was less than 10 pounds.

4.3 Hover

Floor and ceiling were removed and rpm sweeps were made in hover,
holding rotor thrust coefficient, Cp, constant. Following the

rpm sweeps the rpm was set to give the required tip speed, and

the collective varied from -4° in increments of 1° up to the maxi-
mum achievable. This run was then repeated. In this way, excel-
lent definition of the Cp vs. Cp curve was achieved. A high de-
gree of definition is required in order to produce an adequate
definition of rotor figure of merit.

4.4 Forward Flight

When the hover testing was complete the t.innel working section
floor and ceiling were replaced ready for testing in forward
flight. All testing was conducted with slotted floor, ceiling,
and side walls.

At selected values of advance ratio (usually 0.2, 0.3, 0.35, 0.4)
a thrust sweep at fixed shaft angle was made. Collective was
increased until limited by power, cyclic control available, blade
loads, or balance loads. The rotor was trimmed to give zero
one-per-rev flapping.

Tip speed sweeps at fixed advance ratio (u = .40) were made by
varying rpm while tunnel speed was adjusted to give the advance
ratio. A constant value of Cr and X was maintained and the rotor
trimmed to zerou l/rev flapping.

4.5 Hub Tares

In isolated rotor tests, the hubs, pitch arms, pitch housings, and
attachments are not normally representative of the full scale
rotor system and those differences must be accounted for aerody-
namically. The contributions frcm the modcl blade pitch arms,
housings, and hub were established by testing viith the blades re-
moved. The tests covered the entire range of advance ratios,
shaft angles, and control settings likely to be used during the
test. The values of the hub tares were then subtracted from tlLe
measured rotor forces to give the blades-only forces.

4.6 Run Log

A copy of the Wind Tunnel test engineer's Run Log is presented in
Figure 4.1. The nomenclature and flag notes used in the Run Log
are defined in Figures 4.2 and 4.3.
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Flag Note Summary

KA A AVAVAVAVAVAVAVAVAV,

CAACAEA,

ag = -20° to +10° py 3°

- ) 0
075 14,5° + 4

A, = 3.5°+2°

1 -—

B,. = 6.2° + 2°

1C
Cr'yo = .04, .06, .08, .09+ Max by .01's (Power Limit)

Not Used

Not Used

e; = Oo’ -10’ -30’ -40

L = -12, -9, -5, =2, +2, +4, +6, +7, L for autofotation

S
o = 5, -7, -9, -12, -2

s
“Z = -¢°, +2, +4 about trim, controls fixed

u' = .35, .325, .375, .3375, .3625

Gs = "50‘ ‘90’ ‘]]

Not Used
Not Used

Cr'/o = 0 + Max by .01 (Power Limit)
RPM = 400 - 850 by 50

ag * 2, -5, -9

Figure 4.2 Flag Note Summary
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Component Descriptions

K1 = Basic D.R.T.S. - Nose Fairing On

- 75:1 Gear Box

- Upper Stack Fairing
B, = Blade Number X

W = Extra light weight
H1 = | ight weight tip
N2 = Mid weight tip

W, = No weights in tip

Figure 4.3 Component Descriptions
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5.0 TEST RESULTS AND ANALYSIS

The complete test data on the performance and vibratory loads of
the free tip rotor are presented in detail in Appendix A. This
section summarizes the main results of the test and presents a
simple analysis which is used to explain some of the trends ob-
served in the results.

5.1 Analxsis

The analysis is based on the following.simplifying assumptions:

Quasi-steady aerodynamics
Uniform downwash
Inelastic blade

. Inviscid flow

oW

With reference to Figure 5-1, let s be the chordwise coordinate,
r the blade radial coordinate, t the local thickness, 2 the
rotor rotational speed, B8 the flapping angle, and 6 the pitch
angle of the free tip at azimuth y. An element of mass located
at r, s, t within the tip contributes to the pivot moment an
amount

dMez = dw T Go5r) [ ose simp se - aso4ik |

Since y! S € = (s-5p) COSE
r'cese = r coss
and Am = cdradsdt (0 is blade mass density)

then the inertial moment about the pivot is
Mo = 422 [I Gimz8oss ~ 1, Fin26]

where Iy is the pitch inertia about the pivot
and T is the product of inertia of the tip about the pivot
line and the plade flapping axis.

The centrifugal force has a component in the direction of posi-
tive flapping,

L -
Ze » ,.{ﬂ Mep J‘w7€
where Mpp is the mass moment of the tip about the flapning pin.
In summary, the contributions from centrifugal force are a

moment ., Mcp, about the pivot and a force, Zcr, normal to the
blade acting through the pivot.
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Referring to Figure 5-1, let Za be the aerodynamic force normal
to the free tip, acting at the quarter chord, M; be the aero-
dynamic moment acting about the quarter chord line, Mrp be the
total moment exerted by the pivot on the tip, and Rpry the force
exerted by the pivot on the tip.

Resolving in the direction of positive flapping,

2o+ Zy g i = YRS +(5-%)d ]

and taking moments about the tip center of mass,

2o (5 -51) Hony Zec)(57%) # My 1Y tHee = 150

Combining these eliminates the pivot reaction and yields

Bl ) Wl 52) o +Hy e s = WLy < f 28] 16

For the c.g. lying on the pivot)Sp = Sg and the pitch equation
of motion reduces to

Zal(5-5,) My tHe + Mo = 18

i.e., the tip motion is inertially uncoupled from the flapping
motion of the blade.

Expressing the forces in terms of the blade motion
Zo = 4P K (xopsing) G xS
2 2 G,
M//4 . é/o K"’[Xf/«:ﬂvfﬁ) y 2 [2-4—4"4 *4’-_]
/Vé; =2 -'—Z;'Jzzé;

where Cry 1s the free tip lift-curve slope

CMo 1s the guarter-chord pitching moment coefficient
at. zero 1lift

x 1s the mean radial distance of the free tip
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a is the tip angle cof attack

and 8§ is the tip reference area

Putting £ = S, - c/d, the pitch equation of motion becomes
g+ - }/oz //MM”)x(H/«.@VJ)"

,/VM:;' Cu, (xipsing)” + Mol ?)
were g = %/ ¢*

Assuming a uniform downwash velocity v;, the blade angle of at-
tack is

X = B- 7 +_yl3-—/u.¢o&ds
Xf/t St gf
where ’i: = ’VL'/V,- and /d—z- d/ﬂ///

If the blade tip pitch motion is

ﬂ" ﬂo 2 wsf“"/ Z ‘2:”%

and if the first harmonic flapping motion is given by

/= Zo- @, Cosyf - 4, St/

then by substitution in the equation of motion, and retaining
only the first two harmonics of the pitching motion, the follow~
ing set of egquations is obtained for the blade pitch angle co-
efficients:
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the coefficients aj g, Aj are given in Figure 5-2.

In hover, u = 0 and y = x°, and the solution yields

ﬁu s 0 = gzc
9,5 = -y

g - 4
wd 8, - [§rax-Fk[| [(1-P2)

. g o= K/ - é,/Cr

¢ -Z[/-"c‘)
The interesting feature of this result is that in hover pitching
motion of the free tip follows the flapping motion of the main

blade and, further, if cyclic pitch is appiied to the main blade,

i.e., G - 475_ - A, ¢Cos ¢ - B, sw ¥

= grféc C‘0$¢ f@c&”% /»\ »Jo/tr)

then the angle of the free tip relative to the main blade is

a— = 9 _ﬂ W}?ere d¢ 1s the twist between the
e M tip of the main blade an’ x = .75

= 4-b--d¢
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which is constant for a given thrust condition. Thus, the
analysis shows that angle of the free tip with respect to the
main blade will not change when cyclic pitch is applied in hover.
This behavior was observed during the hover testing.

The nose-up moment exerted by the pivot on the free tip is propor-

tional to the centrifugal for e acting on the tip and can be shown
to be given by (see Figure 5.3

. W ddy || Bt - fpsen (D)
F™ T3 id‘z_d: [ 4-/47, Taud siGN(J)

where d;, dp are the outer and inner diameters of the helical
contact surface between the follower pin and the
guide,

@ is the helical screw angle,
b is the coefficient of friction between pin and
guide,

and § is the pitch rate of the free tip.

5.2 Test Results

As stated earlier, the ccmplete test data is presented in Appen-
d4ix A. Only the main points are discussed here.

5.2.1 Hover Performance

Hover performance was measured witn the tip free at the light
weight condition. No data was taken with the tip fixed, so a
direct assessment of the effect of the free tip on hover perform-
ance cannot be made. An indirect assessment was obtained, how-
ever, using theory. Figure 5.4 shows the measured variation cf
power with thrust, Figure 5.5 shows the corresponding figure of
merit and Figure 5.6 shows the angle of the free tip relative to
the main blade. Theoretical calculations of hover gerformance
were made using Boeing computer program B92 by treating the free
tip angle as a step change in blade twist. The predictions of
rotor power coeificient corresponding to the measured tip angles
and thrust coefficients are shown on Figure 5.4 and the figure
of merit on Figure 5.5.

Agreement between measured and predicted performance is good and
shows that the tip angle was measured correctly. Also shown on
these figures is the predicted performance for the tip fixed

(6§ = 0). A general reduction in hover performance is predicted
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for the rotor with the tip free. At Cp/o = .088, the reduction
in figure of merit is estimated to be 7%.

Figure 5.6 shows the variation of the steady tip angle with rotor
thrust coefficient. Also shown is the prediction of the simple
analysis described above. 1In making the calculations, the vari-
ation of the tip lift-curve slope and aerodynamic center position
with aspect ratio given in Figures 5.7 and 5.8 was used.

5.2.2 Forward Flight Performance

5.2.2.1 Effect of Free Tip on Power Required

Results from the forward flight testing show that, for the same
propulsive force and lift, the rotor requires more power with the
tip free than with it locked. The data of Figure 5.9 is typical.
The plot shows the variation of power with advance ratic at

Cr'/o = .06 and X = .05 with the tip free at mid weight and with
the tip fixed. At yu = 0.4, the increase in power required is

23% and at u = 0.3 it is 27%. The corresponding lift-to-effective
drag ratios are shown in Figure 5.10. The collective pitch set-
tings are plotted in Figure 5.11, which shows that approximately
0.5° less collective is required with the tip free.

5.2.2.2 Effect of Thrust Level on Tip Response

The azimuthal variation of the free tip angle with changes in
rotor lift is presented in Figures 5.12 through 5.16. The data
was obtained at u = 0.3 for the mid weight tip. The fact that
propulsive force varies from case to case does not substantially
change the general trends observed. The free tip angle, §, is

the angle of the tip measured relative to the inbhoard main blade.
The angle of the tip relative to the disc plane (i.e., the local
blade angle, 6prp) was calculated knowing § and the collective and
cyclic inputs. Both § and 6p1p are presented in the figures.

From the plots, it can be seen that the maximum variation of the
relative tip angle § over the azimuth is about 0.3 degrees for
CT/c = ,0409. As the thrust is increased, the average value of

§ falls and more variation occurs around the azimuth until at
Cr'/om =,12144 fluctuations of 0.8 degrees occurs in the fourth
quadrant of the disc. In terms of the tip blade angle, dp7yp, at
low Cp/0c the minimum value is approximately 10 degrees and occurs
at ¢ = 150°. The maximum value is 14.5° occurring at 330° azi-
muth. As thrust is increased, the minimum value of 8pyp increases
¢lightly to 11 degrees at Cr/op = 0.12144 but th maximum value
rises to 25 degrees at 310° azimuth. The large blade tip angles
encountered on the first and fourth quadrants suggest that the
tip is in a stalled condition which would be consistent with the
increased power observed.
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5.2.2.3 Effect of Tip Weight on Tip Response

The effect of tip weight and inertia on tip response is summarized
in Figure 5.17, which shows the azimuthal variation of relative
tip angle § for the tip with mid weight, light weight, extra light
weight and no tip weights added. For all cases the rotor lift is
the same and approximately the same propulsive force is being pro-
duced. As the tip beccmes lighter, the nose-up moment produced

by the screw controller decreases and hence it would be expected
that tip equilibrium would be reached at progressively lower tip
angles. This is, in fact, what is observed and tends to confirm
that the tip was operating freely.

Another expectation is that tip response would be increased at re-
duced tip inertia and weight. Again this is in accord with the
measured tip behavior, as can be seen from Figure 5.17.

5.2.3 Vibratory Hub Loads

Throughout the test, hub vibratory forces and moments were
measured. The 4/rev resultant in-plane and out-of-plane vibratory
hub loads are plotted ia Appendix A. It should be noted that
these vibratory loads are unccrrected for any dynamic amplifica-
tion that may have been present in the rotor test stand and hub.
The data should not, therefore, be used as absolute quantities,
though they may be used to make comparisons between tip configu-
rations.

A typical finding of the test concerning vibratory hub loads is
shown in Figures 5.18 and 5.19. Figure 5.18 compares the 4/rev
vertical hub force with the tip fixed and free. With the tip
free, the hub loads are about double those measured with the tip
fixed. Figure 5.19 presents the corresponding resultant 4/rev
in-plane force. 1In this instance, the free tip reduces the in-
plane loads by 45% at u = .3 and by 16% at v = .4.

5.3 Discussion

The test results show that with the tip free, rotor performance
was reduced in both hover and forward flight. The measured tip
angle in hover (Figure 5.6) revealed that the tip was deflected
nose-up by as much as 14° relative to the main blade. This intro-
duces an effective positive tip twist to the rotor which is in the
opposite direction to that needed to improve hover performance.

As shown by the comparison with theory (Figures 5.4 and 5.5), the
reduced hover performance is caused by the unfavorable twist.

The free tip was designed, and the pivot location selected at

13% chord so that the tip would operate at a C, = 1.15 on the re-
treating side of the rotor disc at v = .35. A value for the tip

lift-curve slope of 5.73 per radian was used and the aerodynamic
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center was assumed tc lie on the quarter chord line. Based on
these conditions, an effective angle of attack at the blade tip
of 4° would be expected in hover at 681 ft/sec tip speed. If the
downwash velocity at the rotor is assumed to be given by the
momentum result

LA
Vs z
and the collective by

d =k€‘!.,-é_51'
33 2 T

then the expected variation of tip angle with rotor thrust co-
efficient would be as shown in Figure 5.6. The calculated levels
are cons.derably less than those measured.

The main reason for the discrepancy between the expected and
actual tip angles is that the tip lift-curve slope was over-
estimated. The use of 5.73/rad for the overall lift-curve slope
implies that the tip is part of a very high aspect ratio wing
with a uniform lift distribution. This overlooks the drop-off in
lift distribution at the blade tip and does not address the ten-
dency of the tip to behave as a low aspect ratio surface, as il-
lustrated in Figure 5.20. It would be expected, therefore, that
the tip lift-curve slope would fall considerably below the two-
dimensional value used in the design, and that the aerodynamic
center position would move away from the quarter-chord point to-
ward the leading edge. The variation of lift-curve slope and
aerodynamic center position with aspect ratio is shown in Figures
5.7 and 5.8 and is taken from Reference 3. The combination of
these effects would tend to increase the tip angle to the levels
observed. Wich the tip operating at high angles of attack, the
induced and profile drag would be greatly increased, resulting in
much greater power requirements.

The tendency for the tip to operate at high angles could have been
reduced by lowering the moment applied by the controller. How-
ever, no means was available for adjusting the controller moment.
This would be a desirable feature in future designs.

In summary, the results of the test indicate that the free tip
was operating at angles of attack well beyond those intended in
the design. This is attributed to the lowered lift-curve slope
and forward movement of the aerodynamic center on the low aspect
ratio tip. The high angles of attack gave rise to high tip drag
and reduced performance.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

Conclusions

A wind tunnel test of a 16.8 ft. diameter free tip rotor was con-
ducted in hover and in forward flight up to an advance ratio of
C.4. Based on the test results and analysis, the following con-
clusions are drawn:

l. The measured operating angle of the free tip was much greater .
than that anticipated durirg the design phase. This is the

rimary cause of the performance degradation.
Y

2. Model hover performance was reduced when operating the rotor
with the tip free, compared to that with the tip fixed.

3. The model power required in forward flight with the tip free
was greater than that measured with the tip fixed at all ad-
vance ratios tested, when both rotors are operating at the
same 1lift and propulsive force.

4. The large operating angle i the free tip is attributed to
low aspect-ratio tip effects which reduce the tip lift ef-~
fectiveness, increase the tip induced drag and move the
aerodynamic center forward. The magnitude of these effects
was not fully known when the tip was designed.

5. Hub 4/rev vertical loads were increased when the tips were
free compared to tie tip-fixed loads measured at the same
operating condition.

6. Hub 4/rev in-plane loads were reduced with the tip free com-
pared to the tip-fixed loads measured at the same operating
condition.

Recommendations

Research should be directed toward understanding the complex, low
aspect ratio flow conditions existing on the free tip. When
these low aspect ratio tip aerodynamics are understood, this
knowledge can be used to design a free tip rotor that wil! demon-
strate the full potential of the concept. Tais research effort
is best approached by a ccmbination of analitical modeling and
wind tunnel testing. Specifically, it is re¢commended that:

l. A wind tunnel test should be conducted using nonrotating,
semispan models of the free tip. The test would gather data
on the tip lift, drag, and pitching moment characteristics
over the full operating Mach number rance at combirations of
main blade and free tip angles of attack. Various tip spans
would also be tested to measure the effect of tip aspect ratio
on the aerodyrnamic characteristics.
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2. In parallel with the wind tunnel test, a detailed analytical
nodel of a free tip rotor shonuld be developed with attention
being focused on representing the low aspect ratio tip ef-
fects. The model would make extensive use of the data ob-
tained from the wind tunnel test.

3. When the analytical model is completed and verified, it
should be used to design a free tip rotor that will provide
l improved performance and reduced vibratory loads.

4, An alternate means should be explored fcr providing the tip
controlling moment.

i
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APPENDIX A. TEST DATA

Presented in this Appendix are the basic data plots for all the
free tip rotor configurations tested. The data is corrected

for hub tares. No corrections were aprlied for wall effects be-
cause the test was conducted with the working-~section slcts open,
a cconfiguration that yields essentially free-air conditions. The
rotor advance ratios and free-tip configurations tested, to-
gether with the page number where the data is presented, are
shown in the table below.

L

v IXED, FREE, FREE, gigg FREE,
v | LIGHT MID LIGHT i NO
WEIGHT | WEIGHT | WEIGHT | i % | WEIGHTS
0 - - A-4 - -
.20 - A-45 - - - |
30| a-11 A-56 A-89 A~111 A-144
.35 A-21 A=67 A-100 A~122 A-155
.40 | A-31 A-78 - A~133 A-166

The terms light weight, mid weight, etc., refer to the number
These are shown in Table

and arrangement c¢f the tip weights.

[x"l .

The data plots are presented in the following order:

Hover
Cp /o vs. Cp/o

™ vs. Cp /o

8 75 Vvs. Cp /o

8 vs. Cp /o

Cp/o  wvs. My, gqp

Cp /o vs. My ag

5 vs. Ml’go
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Forward Flight

*CP/o vs. Mj,q9

*Cp'/0 vs. Mp,q0

*L/DE vs. M;,q9

*Resultant 4/rev Inplane Moment vs. M, g
Cm'/c vs. Cp/o

L/DE Vs. Cq'/o

>4

vs. CT'/o

A vs. Cop'/o

B¢ vs. Cp'/a

6,75 vs. Cp'/o

*x g vs. Cp'/o

Resultant 4/rev Hub Vertical Force vs. Cp'/o
Resultant 4/rev Hub lnplane Force vs. Ctr'/o
Alternating Blade Torsion at x = .13 vs. Cp'/o

Resultant 4/rev Inplane Moment vs. Cp'/o

*Presented only for tip fixed, light weight, v = .4
**Not presented for tip fixed, since § = 0

The definitions of the quantities presented in the plots are given
on the following page.
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LIST QF SYMBOLS FOR APPENDIX A

A Rotor disc area, wR2, ft?2

Ao TLateral cyclic pitch, degrees

B Number of blades

Bic Longitudinal cyclic pitch, degrees

Cp Rotor power coefficient, 550 RHP/pAVp3
Cc'p Rotor lift coefficient, L/pAVrp?2

c Blade chord, ft.

D Rotor diameter, ft.

Dg Rotor effective drag, §§Qv§§2 - X, 1b

FM Rotor figure of merit, .707C'p3/%2/Cp

L Rotor 1ift, 1b

M1,90 Advancing blade tip Mach number

a Free stream dynamic pressure, kpV?

R Blade radius, ft.

RHP Rotor shaft horsepower

Y Tunnel speed, fps

Vo Rotor tip speed, fps

X Rotor propulsive force, 1lb

X Rotor propulsive force coefficient, X/gqD%c
ag Rotor shaft angle, positive aft. ~>grees
$ Angle of free tip relative to mair blade (positive nose
6.75 Blade collective pitch at .75R, degrees
i Rotor advance ratio, V/Vp

o Air density slug/ft3

a Rotor soliaity, Bc/7R
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APPENDIX B. DATA CROSS PLOTS

Using the basic test data rresented in Appendix A, extensive cross
plots against advance ratio were made for the mid weight condition
with the tip fixed and w%th it free. This data is presented for
the following range of C ¢/¢ and X.

X c'p/o Page

.10 .08 B-la

.10 .06 B-10

.10 .04 B-19

' .05 .08 B-28
.05 .04 B-46

0 .08 B~55

.06 B-64

.04 B-73

At each X and C'p the order of the plots is

Cp/O vsS. '
L/Dg vs.

O.s VS.

U
u
U
0.75 VS, U
Ay vs. u
By wvs. u
H

4/rev resuitant vertical force vs. u'
4/rev reSul\;ant inplane force vs. yu'
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